A collection of 655 thermosensitive mutants of Bacillus subtilis 168, obtained by indirect selection, was screened for those lysing at the non-permissive temperature. Thirty-three mutations thus identified were distributed by transformation into eight linkage groups designated lssA to IssH. The distribution was non-random. With the exception of group A, all groups were small, suggesting that mutations identified in each of them may map in one gene only. Linkage groups identified here were mapped in four different regions of the B. subtilis chromosome and their positions relative to reference markers were the following: (i) arol-lssAdal-purB ; (ii) metC-lssB-lssC--firrA-pyrE-c~~sC-lss D ; (iii) lssF -gtaA-IssG-his A-lssH-cysB ; and (iv) cysA-IssE-dnaC-purA. Kinetics of N-acetyl-D-[ 1 -I SC]glucosamine incorporation revealed that groups A, B, C, D and F are deficient in peptidoglycan synthesis at the restrictive temperature. In group G , anomalies at the cell wall level were suggested by incorporation and growth curves. It appears that in almost all known cases, thermosensitive lysis mutations in B. subtilis either affect genes involved in peptidoglycan synthesis or lead, more or less directly, to induction of prophages.
, or thermosensitive lysis mutants obtained in an ad hoc fashion (Buxton, 1978; Buxton & Ward, 1980) . Their analysis has not led to an adequate answer to the following questions. (i) What is the number of genes whose deficiency leads to cell lysis? (ii) Are the majority or all of these genes involved in peptidoglycan synthesis? Therefore, to obtain a mutant population as representative as possible of such genes, we have identified lysis mutants in a large collection of thermosensitive mutants of B. subtilis (Karamata & Gross, 1970) isolated by indirect selection. We report a genetic characterization of mutants thus identified together with basic physiological evidence that most of the genes uncovered are involved in peptidoglycan synthesis.
METHODS
Strains. The B. subtilis 168 strains listed in Table 1 were used. Bacteriophage 429 was from our collection. Media and growth conditions. Media LA, SA, SATT, TS, VIB, SPIZ-I and SPIZ-I1 have been described previously (Karamata & Gross, 1970) . Solid media contained 1.5% (w/v) Difco agar. When required, appropriate amino acids or bases were added at the following concentrations: L-arginine, 100 pg ml-1 ; Palanine, 50 pg ml-1 ; other amino acids, 20 pg ml-1 ; thymine, uracil and adenine, 50 pg ml-I.
Cultures in liquid medium were aerated by bubbling and the cell density was followed by nephelometry (Corning-EEL Unigalvo nephelometer). For an exponentially growing culture in SA medium, a nephelometric density of 100 corresponds to a dry weight of 0.1 1 mg ml-I (about 6 x lo7 cells ml-I).
Genetic analysis. Transformation, PBS 1 transduction and determination of recombination indexes were as previously described (Karamata & Gross, 1970) . Unless otherwise stated, DNA was at saturating concentrations, Recipients for PBSl transduction were obtained by resuspending 10-30 colonies from a fresh plate in SA medium (about 4 ml) and incubating with aeration at 30 "C (or 37 "C) until the majority of the cells were highly motile.
Ts+ recombinants were selected on plates containing a rich medium (SA, SATT or LA) . After incubation at 47 "C, Ts+ colonies were tested for inheritance of an auxotrophic marker by replica-plating on appropriately supplemented TS or SA plates, incubated at 47 "C. Prototrophic recombinants were selected on supplemented TS or SA plates at 30 "C and screened for inheritance of thermosensitive markers by replication onto identical plates incubated at 47 "C; inheritance of auxotrophic markers was tested by replica-plating and incubating at 30 "C. Cotransfer of thef'ur marker was tested by streaking purified recombinants on SATT plates, supplemented with 2 pg fluorouracil mI-I, and incubation at 30 "C. To test co-transfer of gta+ ( g t d confers resistance to phage 429) purified prototrophic recombinants were streaked on LA plates. A drop of 429 was spotted on each streak and the plates were incubated for 6-15 h at 30 "C. Co-transfer of xin (non-inducibility of defective prophage PBSX) was tested as follows: purified recombinant colonies were inoculated into a small volume of SA medium, induced by mitomycin C treatment, and spotted onto a lawn of a PBSX-sensitive indicator strain.
Screening of lssEf4 leuA8 recombinants (Table 4) for the inheritance of the dnaC30(Ts) marker was performed by a simplified transformation method. A 0.2 ml volume of a competent culture of strain E3130 (dnaC30purA16 metB5 iloAl) was spread on a prewarmed (34 "C) TS plate supplemented with adenine, methionine and isoleucine. lssEl4 leuA8 recombinants were streaked on LA plates, grown for 24 h at 30 "C and replicated onto plates freshly seeded with recipient cells. These plates were first incubated for 1 h at 34 "C, to allow transformation with DNA present in the streaks of donor cells, and then transferred to 47 "C for 24 h. Presence of Ts+ recombinants allowed identification of Dna+ donors. The validity of the test was confirmed in control experiments by standard transformation.
Incorporation of'N-uceryl-P[ l-14Cblucosamine ([ I4C]GlcNAc). Cell wall mass was determined by incorporation of (14C]GlcNAc (Amersham). Cells growing exponentially at 30 "C in SATT medium, supplemented with 100 p~ GlcNAc and 0.45 pCi (16.7 kBq) [14C]GlcNAc ml-l, were continuously labelled for 5-6 generations prior to transfer at 45 "C. Samples (0.1 ml), taken at regular time intervals, were added to 5 ml cold 5% (w/v) TCA. Three minutes later, samples were neutralized with NaHCO,, to minimize extraction of teichoic acids, and the insoluble fraction was harvested on a 0.45 pm Oxoid filter, washed with 5 % TCA and distilled water and counted in a scintillation counter. Under our conditions about 90% of the radioactivity was incorporated into cell wall (Pooley, 1976) ; up to 30% of label was found in teichoic acids, i.e. 15-30% of the radioactivity was extractable by hot TCA (Rogers et al., 1974) , and the remainder was in peptidoglycan (data not presented).
To determine the kinetics of cell wall solubilization ('turnover') at 45 "C, cultures were labelled as described above. At the time of temperature shift, they were filtered, washed and resuspended in prewarmed SATT medium, supplemented with 100 ~M-GIcNAc. Samples taken at regular time intervals were processed as described above.
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An arrow denotes construction by congression with saturating concentrations of DNA. The arrow points from t These references concern renaming of relevant markers harboured by the original strains.
2 Mutants of B. subtilis 168 that lyse at the non-permissive temperature were identified in a collection of 655 thermosensitive mutants obtained by indirect selection from MNNG-mutagenized populations (Karamata & Gross, 1970) . A preliminary screening was based on L-[ l-'4C]leucine incorporation after shifting from permissive (30 "C) to non-permissive (45 "C) conditions. Mutants in which L-[ l-14C]leucine incorporation was arrested before 90 min at 45 "C were retained. They were grown in SATT medium for two generations, then shifted to 45 "C and their nephelometric growth curves recorded. This screening yielded 32 strains (L2001 to L2032), which lysed within 2 h after shift; they were retained for further analysis. The 51 thermosensitive dna mutants (Karamata & Gross, 1970) , were removed from this collection prior to identification of lysis mutants.
0 When Iss(Ts) mutations were introduced into L5025 by congression their pseudo-linkage to the selected marker (purA) was comparable to that of the unlinked reference marker (ilvA), suggesting that in all Iss(Ts) mutants so far examined the lysis phenotype was due to a single mutation or to several closely linked ones. For each strain, with exception of IssGZO, the lysis curves of original isolates and their derivatives were identical.
11 During exchange of purA for the Iss marker the recombinant has simultaneously acquired the lys+ character. donor to recipient. Table 2 . Distribution of 1ss( Ts) mutations into linkage groups by transformation Donor DNA was extracted from original isolates L2001 to L2032 and their parent strain E10, which was used as the ile+Ts+ control. All donors were crossed with L2129, an ilvA1 lssA29 derivate of the arbitrarily chosen strain L2029 (see Table I ). Ts+ and Ilv+ recombinants were scored and recombination indexes determined. Mutants with mutations linked to lssA29 were assigned to group A whereas those not linked to lssA29 were crossed in an analogous manner to another arbitrarily chosen strain, L2123 (lssB23 iluA1). Again, mutations linked to lssB23 were assigned to group B. The procedure was repeated until all the mutants were divided into linkage groups. t Mutants were obtained from two independently mutagenized populations.
C . B R A N D T A N D D . K A R A M A T A
$ The final number of mutations obtained (33) was one more than that of the originally identified mutants. Recombination indexes revealed that strain 201 5 harboured two independent Iss mutations, which were shown to belong to linkage groups A and C (see also Table 1) .
R E S U L T S
Distribution of' lss mutations into linkage groups To identify genes in which mutation can lead to cell lysis and to obtain an estimate of their minimal number, our thermosensitive lysis mutations provoking rapid lysis -lss(Ts) -were distributed by transformation into linkage groups. Recombination indexes obtained from relevant crosses revealed that the 33 lss(Ts) mutations identified here were distributed into eight linkage groups; these were designated lssA to lssH ( Table 2 ). The highest recombination indexes obtained for each group suggest that most of them are likely to affect only one gene. Indeed, according to Henner & Hoch (1980) , a recombination index of 0.2 defines a DNA segment coding for a polypeptide of 40 kDa. Thus linkage group lssA (recombination index 0.31) could contain more than one gene. Moreover, mutants obtained by MNNG mutagenesis are known to harbour multiple clustered mutations (Guerola et al., 1971) . If several such mutations were to exhibit independently a thermosensitive phenotype, crosses between mutants with such overlapping clusters would rarely segregate thermoresistant recombinants, leading to an underestimate of the size of linkage groups.
Although the 33 mutations conferring the thermosensitive lysis phenotype were identified in a collection of mutants obtained by indirect selection, their distribution into linkage groups was strikingly non-random. Even assuming that group A encompasses two genes, the number of mutations belonging to this group (16 out of 33) is disproportionately high. Similar non-random distributions were obtained for thermosensitive mutations of coliphage T4 (Edgar & Lielausis, 1964) , and for dna(Ts) mutations of B. subtilis (Karamata & Gross, 1970) . This phenomenon could be accounted for by assuming that in some proteins, amino acid substitutions frequently lead to thermolability, whereas in others such substitutions may generally either have no effect or else give rise to proteins inactive at all temperatures (Edgar & Lielausis, 1964; Karamata & Gross, 1970) . 
Transduction mapping of lss( Ts) mutations
Mutations belonging to linkage groups lssA to lssH were localized on the B. subtilis chromosome by PBS 1 transduction. Crosses were performed with mutants representative of each group, which were chosen on the basis of their clear-cut thermosensitive lysis phenotype. Two-and three-point crosses (Table 3 , Figs 1-4) revealed that linkage groups A to H are distributed in four regions of the B. subtilis map: (i) lssA29 is close to dul; (ii) lssB23,lssC32 and lssD28 are linked topyrE; (iii) lssFI6,lssG20 and lssHlI are in the hisA region; and (iv) 1ssEl.Q is close to the origin of replication. (Table 3 and data not presented). Arrows point from the selected to the co-transferred marker.
Two-point crosses (Fig. 1 ) place linkage group A in the close vicinity of dal -79% cotransduction -whereas a three-point cross (Table 3) provides the order arol-lssA29-dal-purB (Fig. 1) .
Mutations lssB23, lssC32 and lssD28 are situated in a large segment on both sides of pyrE. lssB23 and lssC32 are linked to both metC3 and pyrE26 (Table 3, Fig. 2 ). Since cotransfer by PBSl transduction of the latter two markers was not obtained in our experiments (data not presented), lssB23 and lssC32 must be localized between metC3 and pyrE26. Weak linkage of lssD27 (and lssD28) topyrE26 (Table 3 ) and absence of any linkage between lssD and metC (data not presented) unambiguously place the former mutation(s) between pyrE26 and the replication terminus. Two-and three-point crosses (Table 3 , Fig. 2) were perfectly coherent and gave the order xin-9-metC3-lssB23-lssC~2-furA Z-pyrE26-cysC7-lssD27(28). It is worth mentioning that with all the strains used in this study we have consistently obtained segregation patterns which unambiguously provide this order (Fig. 2) . However, there are conflicting reports concerning the marker order in thepyr region with respect to metC (Buxton, 1978; Henner & Hoch, 1980 ,1982 Young & Wilson, 1976; Young, 1975) , and the most recently published genetic map of B. subtilis (Piggot & Hoch, 1985) indicates the order metC-pyrE-cysC-furA. Although a systematic mapping in this region has not been attempted, these discrepancies might be due to Results of both two-and three-point crosses (Table 3 , Fig. 3 ) with mutants located in the hisA region provided the order IssF-gtaA-IssG-hisA-IssH-cysB. The relative position of lssG and gtaA, suggested by cotransfer indexes, has been confirmed by three-point crosses (H. M. Pooley & D. Karamata, unpublished) . This region of the chromosome has been shown to contain several genes involved in cell envelope synthesis such as gtaA and gtaB (glucosylation of polyglycerol phosphate) (Young et al., 1969) , tag (synthesis of glycerol teichoic acid) (Boylan et al., 1972), and ijm (high levels of peptidoglycan autolysins) (Pooley & Karamata, 1984) . However, until now, mutations with a thermosensitive lysis phenotype or those involved in peptidoglycan synthesis have not been identified in the hisA region.
Localization of' the lssEl4 marker by transduction and transformation
Mapping of lssE by transduction (Table 3) has revealed the order purA-lssE-cysA as well as close linkage between purA and lssE (data not presented). These results suggested that the latter marker is near the origin of replication (Piggot & Hoch, 1985) . Since dnaC, also closely linked to purA, was not clearly situated with respect to this marker (Karamata & Gross, 1970) , a threepoint transformation cross involving IssE, dnaC andpurA was performed to establish the marker order. Both the segregation pattern and the cotransfer indexes (Table 4) indicate the order 1ssE-dnaC-purA (Fig. 4) . The relative abundance of the rare recombinant class pur+ lss+dna+, which would require four crossovers, is probably mainly due to transfer of thepur+ and lss+ markers on separate DNA fragments (congression). Indeed, despite the low concentration of donor DNA (0.05 pg ml-l), the observed pseudo-linkage between purA and the unlinked reference marker leuA was 4.2%. Moreover, it is usually found that pseudo-linkage of markers near the origin is two to three times higher than that of the leuA marker.
Cell wall synthesis in lss( Ts) mutants at the restrictive temperature
To identify those lss(Ts) mutants which are deficient in cell wall synthesis we determined their kinetics of incorporation of [ TIGlcNAc, which, under the growth conditions we used, is specifically incorporated into cell wall hexosamines (see Methods). Culture of strains representative of each linkage group, growing exponentially at 30°C in SATT medium containing [lT]GlcNAc, were shifted to 45 "C at a low cell density (about 2 x lo7 ml-l). Cell wall synthesis (radioactivity incorporated into the TCA-insoluble fraction) and mass increase were followed (Fig. 5) . Since changes in the shape and the refractive index of the cells could have (Table 3 and data not presented) and dashed ones to the transformation cross (Table 4) . Figures correspond to percentage of co-transfer and arrows point from the selected to the co-transferred marker.
The figure for co-transduction of dnaC3O with purA16 is from Karamata & Gross (1970) . t Pur+ recombinants, selected at 30 "C, were replicated onto two LA plates, one of which was incubated at 40 "C (at which temperature dnaC30 allows growth whereas the lysis phenotype of IssEl4 is expressed) and the other at 48 "C (at which temperature dnaC30 blocks growth). Colonies which harboured lssEZ4 (no growth on the replicaplate incubated at 40 "C) were purified and screened for the inheritence of the dnaC30 marker as described in Met hods.
been induced through expression of thermosensitive mutations affecting the cell envelope, and such changes could alter the ratio between nephelometric density and cell mass, the latter was also measured by [ 14C]leucine incorporation, in conditions analogous to those used for [ 14C]GlcNAc. For every mutation except lssEl4, nephelometry and protein synthesis provided identical rates of mass increase after shift to 45 "C (data not presented).
Comparison of [I4C]GlcNAc incorporation and mass increase revealed that the onset of lysis of mutants lssA29,lssB23,lssC32,lssD27 and lssFZ6 was correlated with a reduction. in the rate of cell wall synthesis which followed almost immediately the temperature shift (Fig. 5 and data not presented). Although at 45 "C the rates of residual [14C]GlcNAc incorporation and the extent of lysis differed among these five mutants they all showed striking similarities (data not presented): (i) [ 14C]GlcNAc incorporation was specifically inhibited within the first 3 min after the shift, (ii) lysis began between 15 and 20 min after the shift, and (iii) the residual mass increase at the restrictive temperature was almost identical for each strain examined. The early cut-off of [ 14C]GlcNAc incorporation suggests that in these strains mutated enzymes produced at the permissive temperature are heat-unstable.
Rate differences between mass and cell wall increase, observed after the temperature shift, could have been due to acceleration of cell wall solubilization by the so-called turnover mechanism, rather than to inhibition of wall synthesis. To eliminate this possibility we examined the release of wall material in continuously labelled cultures chased from the time of shift. None of the mutants in groups A, B, C, D and F released their label faster than the reference strain L2100 (data not presented).
Immediately after shift to 45 "C both cell wall and mass increase (as judged by [14C]GlcNAc and [ 4C]leucine incorporation respectively) of mutant lssEl4 were severely affected (Fig. 5 and data not presented). Until the beginning of lysis, about 25 min after the shift, the two incorporation curves were indistinguishable. Therefore, cell lysis cannot be straightforwardly ascribed to a selective inhibition of peptidoglycan synthesis. It is unlikely that a fraction of the population starts undergoing lysis immediately after the shift, since phase-contrast microscopy revealed a remarkably homogeneous population of phase-dark cells, with no lysed cells. In addition, mutant lssE14 revealed a peculiar anomaly (Fig. 5 and data not presented) in that the nephelometric density to cell mass ratio increased from the time of shift until the beginning of lysis. This phenomenon may be due to an increase in cell density (and thus refractive index) as suggested by the increase of nephelometric density to dry weight ratio after shift to 45 "C (data not presented).
In mutant lssHZ1, growth, and cell wall and protein synthesis, came to a halt almost immediately after the shift to the non-permissive temperature (Fig. 5 and data not presented) . Again, lysis, which began between 5 and 7 min after the shift, cannot be attributed straightforwardly to a selective inhibition of wall synthesis.
Finally, mutant lssG20 (strain L2120) contrasts with other lss mutants (data not presented): (i) about 15 min after the temperature shift, a short transient slow-down of [14C]GlcNAc incorporation was repeatedly observed; (ii) thereafter wall synthesis resumed at a rate higher than that of [ 14C]leucine incorporation, suggesting a relative increase of the cell wall mass; (iii) slow cell lysis began only after several hours.
DISCUSSION
Screening of a collection of about 650 thermosensitive mutants of B. subtilis 168 for those which lyse at the non-permissive temperature, and their genetic analysis, yielded 33 mutations, which were shown to be distributed into eight linkage groups (designated lssA to IssH), localized in four different regions of the B. subtilis linkage map (Figs 1-4 and Piggot & Hoch, 1985) . The behaviour of nephelometric density, and [ I4C]leucine and [ 14C]GlcNAc incorporation, at the non-permissive temperature revealed that all these linkage groups, except E and H, were involved in cell wall synthesis. Mutants IssA, B, C , D and F underwent a selective inhibition of wall synthesis; within minutes of the temperature shift, precursor incorporation into their walls slowed down and their lysis curves all had in common an almost identical residual mass increase and time lag before the onset of lysis. This distinctive phenotype suggested a defect in peptidoglycan synthesis, common to these mutations. Our mapping suggests that groups A, B, C and D are more or less closely linked to previously identified peptidoglycan mutations ddl-1475 (D-alanine : D-alanine ligase), dap E320 (N-acetyl-L-diaminopimelate deacylase), pig-1435 (unknown defect) and pyc-I (pyruvate carboxylase) (Buxton, 1978; Buxton & Ward, 1980) . However, lssF maps in a region in which no such mutations have previously been identified. Recombination indexes between lssA29 and ddl-Z475,lssB23 and dapE32O,lssC32 and ptg-1435, and lssD27 and pyc-I were 0-4,0.014,0.02 and 0.2 respectively (data not shown). Close linkage between dapE320 and lssB23, and between ptg-143.5 and lssC32, suggests that each pair of mutations may well affect the same gene. The weak linkage between ddl-1475 and lssA29 suggests that the latter mutation affects a gene different from that encoding the D-alanine: D-alanine ligase. However, since group A can accommodate more than one gene, other mutations belonging to that group could well map in the ddl gene. Linkage between pyc-1 and lssD27 unambiguously places the former marker between cysC and the terminus, in agreement with its original mapping (Buxton, 1978 ; R. S. Buxton, personal communication). In conclusion, analysis of thermosensitive lysis mutants has so far allowed the identification of at least seven genes involved in peptidoglycan synthesis of B. subtilis. This approach should be equally valid for as yet unidentified genes whose existence is predicted by the number of steps of the known biochemical pathways: nine involved in UDP-MurNAc-pentapeptide synthesis (Rogers et al., 1980) and ten in the meso-diaminopimelic acid pathway (Ward, 1975) .
Mutant lssG20 has been retained in our collection because of anomalies at the level of wall synthesis. In particular, the GlcN Ac incorporation pattern suggested that at the non-permissive temperature the relative amount of cell wall per cell was increasing, and electron microscopy of thin sections has revealed considerable thickening of cell wall which was more pronounced in some regions of the inner wall surface (data not presented). Although lssG20 can hardly be considered as a lysis mutant, it had been initially selected only because the original isolate L2020 exhibited a more pronounced lysis.
Our results do not provide positive evidence of a primary cell wall defect responsible for the lysis of mutants lssEZ4 and IssHZZ. If the former mutant could well be affected in envelope growth, the lysis curve and morphology of the latter (data not presented) closely resemble the autolysis of B. subtilis in buffers devoid of a metabolizable substrate (Burdett, 1980) , suggesting that the mutation affects in the first place the energy supply and thus indirectly triggers wall degradation.
Finally, the present results provide an idea of the nature and the relative abundance of genes in which deficiency leads to cell lysis. It is indeed possible to envisage that defects in the synthesis of cell envelope constituents other than peptidoglycan (including that of the cytoplasmic membrane) might lead to cell lysis. It was surprising that with the exception of groups E and H, the lysis phenotype of the mutants described here as well as of those previously characterized by Buxton (Buxton, 1978; Buxton & Ward, 1980) is essentially due to interference with peptidoglycan synthesis. Other so far described mutations in B. subtilis with a thermosensitive lysis phenotype include : xhi, thermosensitive induction of prophage PBSX (Buxton, 1976) ; tsi, thermosensitive induction of various prophages (Siege1 & Marmur, 1969); and several dna(Ts) mutations (Mauel & Karamata, 1984) . The latter owe their lysis to inhibition of DNA synthesis, which leads to PBSX induction (Mauel & Karamata, 1984) . They were previously identified (Karamata & Gross, 1970) and removed from our collection prior to screening for lss(Ts) mutants. Since our collection of thermosensitive mutants (Karamata & Gross, 1970) was obtained by indirect selection, we can conclude that cell lysis in B. subtilis can rarely be due to mutations other than those leading to prophage induction or affecting peptidoglycan synthesis.
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